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Age of Groundwater
Stable isotopes of oxygen (oxygen-18) and hydrogen (deuterium) in water were measured to determine recharge sources for Fenner Basin groundwater. The deuterium and oxygen-18 signatures (reported as δD and δ
18
O values) ranged from Ð11.9 to Ð9.3 per mil (Davisson, 2000) . The more negative values originate from high elevation recharge in the New York Mountains and were also observed in the northern and eastern parts of the groundwater basin. Less negative values were observed in the Providence Mountains along the western part of the basin. Groundwater collected in the Fenner Gap (i.e. Project Area) had signatures between Ð10.6 and Ð10.9 per mil, suggesting a mixture of recharge from both northern, western, and probably local recharge areas in the basin. The annual contribution of groundwater recharge to Fenner Gap from the Clipper, Marble, and Old Woman mountains is still inconclusive due to lack of isotopic data.
Isotopic signatures of mean annual precipitation collected by Friedman and others (1992) at Mitchell Caverns, as well as recently recharged groundwater in the Providence and New York mountains, are similar to the isotopic values in Fenner Gap groundwater. This indicates that this groundwater has a Holocene age (less than 10,000 years old), since groundwater recharged during the Pleistocene had isotopic signatures significantly more negative than today due to past global cooling (see Stute et al., 1995; Guilderson et al., 1994) .
Shallow groundwater in recharge areas of the Providence and New York mountains were found to have groundwater less than 40 years old. This was concluded based on tritium and radiocarbon measurements, which were abnormally high in the groundwater. Tritium and radiocarbon are also abnormally high in the atmosphere due to surface testing of nuclear weapons in the early 1960s. Abnormal concentrations in the groundwater are consistent with young recharge.
Two independent and direct measures of groundwater age indicate groundwater in the Fenner Gap is around 1000 to 3000 years old. One approach measured the radiocarbon age of dissolved organic carbon (DOC) in a production (PW-1) in the Fenner Gap. The DOC originated from the soil of the recharge area(s) and flowed with the groundwater, largely unaffected by reactions with other carbon sources (Wassenaar et al., 1991) . Preliminary measurements indicate the radiocarbon age of the DOC is between 1000 and 2800 years, with an estimate mean of 1500 years.
Another approach measured the accumulated helium-4 isotope dissolved in the groundwater also collected from the same production well in Fenner Gap at the same time as the radiocarbon sample. Continental crust rocks beneath groundwater basins produce helium-4 from radioactive decay of uranium and thorium. This helium-4 diffuses slowly upward toward the surface under steady-state conditions. Shallow groundwater above the crust will accumulate the helium-4 in a dissolved state over time. The older the groundwater, the more helium-4 that accumulates. The helium-4 concentration measured on the Fenner Gap well indicates that the accumulated helium-4 is only about 2 times above the concentration expected for water in equilibrium with air. This suggests the age is only between 1000 and 2000 years old. Ten-thousand year old water has accumulated helium-4 concentrations approximately 10 times the concentration expected for water in equilibrium with the atmosphere (see Mazor and Bosch, 1992, Solomon et al., 1999) .
The radiocarbon was also measured on the dissolved inorganic carbon (DIC) from groundwater in the Fenner Gap. Possible ages estimated from the DIC radiocarbon measurements range from less than 1000 up to 9000 years old. The wide range is due to uncertainty in subsurface geochemical reactions occurring between DIC and radiocarbonÐabsent limestone aquifer rocks. The geochemical pathways are poorly understood and cannot be predict based on available data (see Davisson et al., 1999; Davisson, 2000) .
